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Mixed-Metal Ce-Zr-Mn Clusters as Photo-Catalysts for
Decarboxylative Functionalization of Carboxylic Acids

Sota Tamaki, Riina Kuwata, Shuto Wakita, Yasuko Osakada, Mamoru Fujitsuka,
Tetsuro Kusamoto, Kazushi Mashima, and Hayato Tsurugi*

Abstract: Decarboxylative hydrazination of carboxylic acids was achieved using a 1:5:2 ratio of three metal salts, Ce(OtBu)4,
Zr(OtBu)4, and Mn(OAc)3, as a catalyst under visible light irradiation. The catalytic activity, compared with our previously
developed Ce6 cluster photo-catalysts, was enhanced by the formation of single cerium-incorporated hexanuclear mixed-
metal clusters containing a [CeZr5O4(OH)4]12+ core. The manganese salts further accelerated the overall reaction rate (10
times faster reaction rate with the manganese salt than that of the manganese-free conditions). Using the isolated cluster,
CeZr5O4(OH)4(OCOCH2

tBu)12(HOCOCH2
tBu)4 (4a), with Mn(OAc)3, phenol and thiophenol-containing carboxylic

acids were transformed to their decarboxylative hydrazinated products in moderate to high yields, while a mixture of
Ce6O4(OH)4(OCOCH2

tBu)12(HOCOCH2
tBu)4 (4c) and Mn(OAc)3 or Ce(OtBu)4, Zr(OtBu)4, and Mn(OAc)3 yielded

lower amounts of the products. These findings highlight the importance of incorporating cerium(IV) into the zirconium-
based core to tolerate these easily oxidizable functional groups. Upon exposure of 4a to blue LED light under an argon
atmosphere, the CeZr5 cluster produced 2,2,5,5-tetramethylhexane, a radical coupling product derived from the carboxylate
ligand on 4a, in half an equivalent per cluster, consistent with the photo-reduction of cerium(IV) and inertness of the oxo-
and hydroxo-bridged Zr5 motif as a metallo-ligand around the cerium(IV) site. Moreover, decarboxylative oxygenation of
carboxylic acids under air followed by treatment with NaBH4 resulted in the production of one-carbon shortened alcohols
in excellent yields when using Ce(OtBu)4 and Zr(OtBu)4 or Hf(OtBu)4 in a 1:5 ratio: the reaction rates were 8–10 times
higher than that of the previously developed cerium-catalyzed reaction under identical conditions.

The use of light energy in chemical reactions is an important
strategy for promoting sustainable development. The utiliza-
tion of light energy as a cleaner and renewable alternative
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to conventional energy sources derived from fossil fuels is
extensively investigated. In the field of synthetic organic
chemistry, the application of light energy offers a distinct
advantage by selectively promoting desired reactions through
the excitation of specific reactants, functional groups, and
catalysts.[1–5] This method not only reduces energy loss but
also prevents the degradation of unwanted functional groups,
thus largely differing from thermal reactions requiring energy
for both reactants and the surrounding media.

A prominent example of utilizing photo-energy in organic
synthesis is the decarboxylation and functionalization of
carboxylic acids under photo-irradiation, which provides a
direct approach to convert readily available, stable, and
naturally occurring carboxylic acids into various valuable
organic compounds.[6–11] The key step in this process
is the generation of carboxyl radicals by the photoly-
sis of metal carboxylate complexes[12–16]: high oxidation
state metal carboxylate complexes, such as cerium(IV),[17–32]

iron(III),[33–58] and copper(II),[59–69] can be photo-excited to
induce homolysis of the metal-carboxylate bond, leading
to the formation of synthetically useful carboxyl radicals
through ligand-to-metal charge transfer (LMCT). Carboxylic
acids containing redox-labile substituents, however, such as
phenols, thioanisoles, alcohols, and electron-rich aromatic
rings, commonly found in natural carboxylic acid scaffolds,
present challenges for decarboxylative transformations due
to their limited compatibility with high-oxidation state metal
complexes.[70,71]
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Figure 1.Modification of metal components in multi-metal cluster for
decarboxylative functionalization of carboxylic acids.

In this context, cerium complexes have emerged as
promising photo-catalysts for generating reactive radicals
from carboxylic acids in organic synthesis. Our previous
studies demonstrated that hexanuclear cerium(IV) clus-
ters with oxo/hydroxo bridges and carboxylate ligands,
Ce6O4(OH)4(OCOR)12, act as photo-catalysts for producing
carboxyl radicals from carboxylic acids under blue LED
irradiation, giving the decarboxylative oxygenated prod-
ucts, alcohols and carbonyl compounds, under a dioxygen
atmosphere.[20] Based on this finding with cerium(IV) clus-
ters, we herein report that incorporating a photo-responsive
cerium(IV) center into photochemically robust oxo/hydroxo-
bridged zirconium and hafnium clusters triggers higher
catalytic activity for a decarboxylative hydrazination reaction
compared with the corresponding homometallic clusters. In
addition, adding a third component, typically manganese salts,
to the cerium-containing cluster significantly enhanced the
catalytic activity while low catalytic activity was observed
for an original Zr6 cluster combined with manganese salt,
providing the first example of the three kinds of met-
als incorporated mixed-metal clusters as photo-catalysts in
synthetic applications (Figure 1). Furthermore, these mixed-
metal clusters exhibited remarkable efficiency in converting
carboxylic acids containing phenol and thiophenol groups
while preventing their oxidative degradation.

Catalyst Optimization

We began by searching for a highly active catalyst for the
decarboxylative hydrazination of 4-fluorophenylacetic acid
(1a) with an azo compound 2 under irradiation using 468 nm
LED light (40 W) at room temperature in PhCl for 18 h
(constant distance from the light to the test tube, 5 cm); the
results are summarized in Table 1. Catalytic activity for the
decarboxylative hydrazination was observed by combining
Ce(OtBu)4 and M(OtBu)4 (M = Zr, Hf) in a 1:5 ratio, giving
the hydrazinated product 3a in moderate yields (entries 1
and 2). However, no product was obtained when using each
component alone (entry 3, details in Table S1), suggesting that
the in situ-formed heterometallic species was indispensable
for the catalytic performance (vide infra). More importantly,

Table 1: Optimization of reaction conditions for decarboxylative hydrazi-
nation of 1a.a)

Entry Additive (x mol%) Yield [%]b)

1 Zr(OtBu)4 (5.0) 45
2 Hf(OtBu)4 (5.0) 22
3 – n.d.
4 Zr(OtBu)4 (5.0), Mn(OAc)3·2H2O (2.0) 93 (85)c)

5 Hf(OtBu)4 (5.0), Mn(OAc)3·2H2O (2.0) 86
6 Zr(OtBu)4 (5.0), Mn(OAc)2·4H2O (2.0) 78
7 Zr(OtBu)4 (5.0), Fe(OAc)2 (2.0) 72
8 Zr(OtBu)4 (5.0), Co(OAc)2·4H2O (2.0) 70
9 Zr(OtBu)4 (5.0), Ni(OAc)2 (2.0) 52
10 Zr(OtBu)4 (5.0), Cu(OAc)2 (2.0) 76
11 Zr(OtBu)4 (5.0), Zn(OAc)2·2H2O (2.0) 40
12 Mn(OAc)3·2H2O (2.0) 49
13d) Zr(OtBu)4 (5.0), Mn(OAc)3·2H2O (2.0) 11
14 Cs2CO3 (2.0) 5
15 CsF (2.0) 21
16e) Zr(OtBu)4 (2.5), Mn(OAc)3·2H2O (1.0) 48

n.d., not detected. a) Reaction conditions: 1a (0.200 mmol), 2
(0.300 mmol), Ce(OtBu)4 (1.0 mol%), additive (x mol%), PhCl (3.0 mL),
under Ar. Irradiated with 468 nm LED (distance between the light source
and the test tube, 5 cm) b) Determined by 1H NMR using
1,3,5-trimethoxybenzene as an internal standard. c) Isolated yield. d)

Without Ce(OtBu)4. e) 1a (0.400 mmol), 2 (0.600 mmol), and
Ce(OtBu)4 (0.5 mol%).

adding a third component, 2.0 mol% of Mn(OAc)3·2H2O,
further improved the yield to afford 3a in 93% yield with
Zr(OtBu)4 (entry 4) and 86% yield with Hf(OtBu)4 (entry
5). A different of third component, such as Mn(OAc)2·4H2O,
Fe(OAc)2, Co(OAc)2·4H2O, and Cu(OAc)2, also had positive
effects on the decarboxylative hydrazination to afford 3a
(entries 6−8, 10), whereas Ni(OAc)2 and Zn(OAc)2·2H2O
were ineffective for improving the catalytic performance
(entries 9 and 11). Among M(acac)3 complexes of group
7−9 metals, Mn(acac)3 also promoted the catalytic reaction
to form 3a in a high yield (Table S3, entry 7). On the
other hand, a mixture of two components, Ce(OtBu)4 and
Mn(OAc)3·2H2O, showed moderate activity, and a mixture
of Zr(OtBu)4 and Mn(OAc)3·2H2O exhibited much lower
activity (entries 12 and 13). Previously, König et al. reported
decarboxylative hydrazination by CeCl3 combined with inor-
ganic bases, but the catalytic activity of Ce(OtBu)4 with 1.0
mol% cerium catalyst loading for arylacetic acids was rather
low under our reaction conditions in the presence of the
inorganic salts (entries 14 and 15).[18] When the catalyst
loading amounts were decreased to half of those used in the
optimized reaction conditions, the yield of 3a also decreased
to nearly half (entry 16). Thus, the catalyst system of entry 4
(Ce, Zr, and Mn salts) was selected as the optimal catalyst
system for further investigation of the substrate scope of
carboxylic acids (vide infra).
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Figure 2.Molecular structure of 4a determined by X-ray diffraction study
(a, left) and DFT study (b, right). tBu groups on the carboxylate ligands,
and hydrogen atoms except for relating to the hydrogen bonding
interaction are omitted for clarity. Green for cerium, blue for zirconium,
red for oxygen, and gray for carbon atoms. Seven hydrogen bonding
interactions are described as dot lines. a) Atoms in the CeZr5O4(OH)4
core and carboxylate oxygen relating to the hydrogen bonding
interaction with carboxylic acids are shown as thermal ellipsoids with
50% probability. Stick style is applied for other carboxylate moieties.
Selected bond lengths (Å) of 4a: Ce − O1 2.170(3), Ce − O2 2488(3),
Ce − O3 2160 (3), Ce − O4 2.350(3), Zr1 − O10 2.206(3), Zr1 − O11
2.108(3), Zr1 − O12 2.212(3), Zr1 − O13 2.034(3).

Synthesis, Characterization, and Reactivity of
Ce-Containing Clusters

Heterometallic clusters of CeZr5 4a and CeHf5 4b formed
during the catalytic reaction were isolated by treating
Ce(OtBu)4 and M(OR)4 in an optimal 1:5 ratio under
aerobic conditions in toluene with 3 equiv of tert-butylacetic
acid relative to the total amounts of metal sources (Equa-
tion 1). In this reaction, substitution of one metal in
the [M6O4(OH)4]12+ core with cerium(IV) gave the het-
erometallic core, [CeM5O4(OH)4]12+; in fact, treatment of
Zr6O4(OH)4(OCOCH2

tBu)12 with Ce(OtBu)4 in the presence
of carboxylic acids produced corresponding heterometallic
cluster 4a. Cluster 4a was isolated as a pale yellow microcrys-
talline solid in 74% yield, and the overall molecular structure
was clarified by single crystal X-ray diffraction analysis
(Figure 2a). Six metal ions, four oxo, and four hydroxo
ligands form the central [CeZr5O4(OH)4]12+ core, which
is surrounded by nine μ-η1,η1-carboxylate ligands, three
η2-carboxylate ligands on the three Zr atoms, and one tert-
butylacetic acid on the cerium center through coordination of
the oxygen atom of the carboxylate group. In addition, three
tert-butylacetic acids locate around the CeZr5O4(OH)4 core
by hydrogen bonding with three bridging hydroxo ligands
and η2-carboxylate ligands. Due to the larger ionic radii of
cerium than zirconium, the bond lengths of cerium and the
bridging oxo and hydroxo ligands [2.160(3) Å and 2.171(3)
Å for Ce – (μ3-O); 2.350(3) Å and 2.488(3) Å for Ce – (μ3-
OH)] are longer than those around the Zr1 atom locating
on the opposite side of the Ce [2.034(3) and 2.108(3) Å for
Zr1 – (μ3-O), 2.206(3) and 2.212(3) Å for Zr1 – (μ3-OH)]
(an enlarged ORTEP drawing and a table for the selected
geometry in Figure S5 and Table S12). Noteworthy is that

the cerium(IV) center possesses one neutrally coordinating
carboxylic acid having a hydrogen bonding interaction with
the adjacent μ-η1,η1-carboxylate ligands, which is clarified
by DFT study of 4a (vide infra). Homometallic Ce6 and
Zr6 clusters surrounded by twelve carboxylate ligands are
reported to date[28]; most of the clusters possess η2- or μ-η1,η1-
carboxylate ligation. The molecular structure of the hafnium
variant 4b is essentially the same as that of 4a (Figures S5
and S6). The structurally similar cerium and zirconium
heterometallic hexanuclear structures are reported for nodes
of Ce and Zr-containing metal organic framework.[72–81]

The optimized structure of 4a based on the DFT study,
shown in Figure 2b, clarified the interesting features of the
carboxylate ligand around the cerium center: a coordinating
carboxylic acid on the cerium forms hydrogen bonding with
the neighboring μ-η1,η1-carboxylate ligand, in which the
length of the cerium and the oxygen bond of the μ-η1,η1-
carboxylate ligand is 2.5139 Å, a value 0.08 – 0.15 Å longer
than that of other cerium and oxygen bonds of μ-η1,η1-
carboxylate ligands without the hydrogen bonding. We thus
presume that deprotonation of the coordinating carboxylic
acid by the adjacent bridging μ-η1,η1-carboxylate ligand
on the cerium forms a η1-carboxylate ligand prior to the
carboxylate radical formation, which is the key factor for the
facial carboxyl radical generation in this cerium-containing
cluster (vide infra, Scheme 1). Generation of carboxylate
radicals from the η1-carboxylate ligand is faster than that
from μ-η1,η1-carboxylate ligand, which likely relates to the
higher catalytic performance of carboxylate clusters in the
decarboxylative functionalization reactions.[62]

UV-Vis absorption spectra of 4a and 4b in toluene showed
broad absorption in the range of UV-A to the blue light
region (Figures S3 and S4), assignable to the LMCT, clearly
indicating that a single cerium atom influences the HOMO-
LUMO gap, thereby affecting photo-responsivity upon irra-
diation with a 468 nm LED light, though no absorption in
the visible light region was observed for the corresponding
Zr6 cluster.[28] The LUMO to LUMO + 6 orbitals for 4a
clarified by DFT studies ascribe to the vacant 4f-orbitals of
cerium in an energetically narrow range (0.134 eV, 0.00494
Hartree), and their energy levels are lower than the vacant
4d-orbitals of zirconium (HOMO to LUMO, 3.47 eV; HOMO
to LUMO + 7, 5.90 eV) (Figures S19–S28). We also checked
the TD-DFT analysis of 4a to clarify the transition relating
to the visible light region: the major transition in the visible
light region originates from the lone pair of electrons of the
carboxylate ligands and oxo/hydroxo bridging ligands to the
vacant 4f-orbitals of cerium, suggesting LMCT as the key
photo-responsivity for generating carboxylate radicals after
visible light irradiation. No LMCT from the carboxylic acid
on the cerium is found in the TD-DFT study, suggesting

Angew. Chem. Int. Ed. 2025, 64, e202505639 (3 of 9) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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the importance of the deprotonation to form η1-carboxylate
ligation for the LMCT process.

We further checked the reactivity of cluster 4a under
blue LED irradiation.[82] The formation of 2,2,5,5-
tetramethylhexane was observed in half an equivalent to 4a
(Equation 2), whereas the same treatment for homometallic
cerium cluster Ce6O4(OH)4(OCOCH2

tBu)12(OCOCH2
tBu)4

(4c) produced three equivalents of 2,2,5,5-tetramethylhexane
and insoluble cerium(III) precipitates due to the reduction of
all the cerium(IV) centers to cerium(III).[20] One cerium(IV)-
(η1-carboxylate) bond for 4a, formed after the deprotonation
as mentioned above, selectively underwent homolysis without
photo-reduction of the zirconium(IV) center, consistent with
the large energy gap between the occupied orbitals relating
to the oxo, hydroxo, and carboxylate ligands and vacant
4d-orbitals of the zirconium(IV) center (vide supra), though
characterization of the photo-reduced cerium(III)-containing
species was unsuccessful.

Based on the findings for cerium-containing hexanu-
clear clusters from two metal tert-butoxide complexes and
carboxylic acids, we assumed that the additive effect of
manganese salts in Table 1 is due to coordination of the
bridging oxo ligand to the manganese to form trimetallic
clusters, as observed for first-row transition metal-decorated
oxo-bridged Zr6 clusters containing a structurally similar
[Zr6O4(OH)4]12+ core[83–87]; however, characterization of the
mixed-metal clusters of cerium, zirconium, and manganese
was unsuccessful. Aiming to clarify the oxidation state of the
manganese species during the catalytic reaction, a solution of
manganese(III) complexes was irradiated with visible light:
their absorption in the visible light region was decreased to
give a pale-colored solution assignable to the manganese(II)
species (Figure S7), indicating that the manganese(II) species
are present during the reaction and incorporated into 4a.
Thus, the role of manganese salts is assumed to increase the
electron density within the mixed metal cluster, resulted in
promoting reduction of the in situ-generated hydrazyl radical
to form its anion and Ce(IV) center (vide infra, Scheme 1).
In fact, Christou et al. reported that a combination of cerium
and manganese served as an effective oxidation catalyst for
alcohols under a dioxygen atmosphere due to the synergistic
effect of the redox-active cerium and manganese.[88–92]

To clarify the influence of the manganese salt on the
catalytic performance, the concentration of product 3b under
390 nm LED irradiation was monitored for several catalyst
combinations, as shown in Figure 3, in which Mn(acac)3 was
used as the manganese additive due to its better solubility
in PhCl compared with Mn(OAc)3·2H2O and rapid photo-
reduction in the presence of excess amounts of carboxylic
acids via homolysis of the manganese-ligand covalent bond.
Mn(acac)3 significantly improved the reaction rate (kobs) in
this decarboxylative hydrazination reaction. The observed
reaction rate by CeZr5 cluster 4a (1.0 mol%) and Mn(acac)3

(2.0 mol%) was approximately 10 times faster than that

Figure 3. Time profiles for the formation of 3b.

without Mn(acac)3 (red vs. green lines). In addition, the
catalytic reaction by Ce6 cluster 4c (0.17 mol%, 1.0 mol% on
Ce) and Mn(acac)3 (2.0 mol%) was slower than that induced
by 4a/Mn(acac)3. Thus, we concluded that the combination
of 4a and the manganese complex generated the most active
clusters in this decarboxylative hydrazination reaction. We
also carried out a kinetic analysis; however, due to the strong
absorption of 2 in the visible light region compared with the
metal components, clarification of the reaction order of each
component was unsuccessful (details in Figures S9–S16).

Reaction Mechanism for Decarboxylative
Hydrazination Catalyzed by 4a and Manganese Salt

Based on the hydrogen bonding interaction found in the DFT
study of 4a as well as the reaction rate enhancement by the
manganese additive, a possible reaction mechanism is shown
in Scheme 1. Initially, one carboxylic acid coordinates to the
cerium(IV) center to form A having a hydrogen bonding
interaction with the proximal carboxylate ligand, as proposed
by the structurally characterized CeZr5 cluster 4a and the
DFT study. Subsequently, proton on the coordinating car-
boxylic acid transfers to form η1-carboxylate ligated species
B. Visible light excitation of B induces homolysis of the Ce─O
bond of the η1-carboxylate ligand to generate cerium(III)-
containing species C and a carboxyl radical followed by
decarboxylation, giving an alkyl radical. The alkyl radical
reacts with 2 to form a hydrazyl radical that is rebound to
the cerium(III) center for oxidation to cerium(IV) to afford
(hydrazido)cerium(IV) species D. Abstraction of a proton by
the (hydrazido)cerium(IV) moiety yields the final product 3
and carboxylic acid-free cluster E. Finally, carboxylic acid 1
coordinates to the cerium(IV) center to regenerate A and
close the catalytic cycle. The role of manganese salts is to
promote the re-oxidation step to form D, where incorporation
of the manganese(II) species into the cluster increased

Angew. Chem. Int. Ed. 2025, 64, e202505639 (4 of 9) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Plausible mechanism for decarboxylative hydrazination
catalyzed by 4a and manganese salt.

Table 2: Decarboxylative hydrazination of 1c with a phenol group.a)

Entry Catalyst (x mol%) Yield [%]b)

1 4a (1.0), Mn(OAc)3·2H2O (2.0) 71 (65)c)

2 4a (1.0) 40
3 4c (1.0), Mn(OAc)3·2H2O (2.0) n.d.
4 Ce(OtBu)4 (1.0), Zr(OtBu)4 (5.0)

Mn(OAc)3·2H2O (2.0)
n.d.

n.d., not detected. a) Reaction conditions: 1c (0.200 mmol), 2
(0.300 mmol), catalyst (x mol%), MeCN (3.0 mL), under Ar. Irradiated
with 427 nm LED (distance between the light source and the test tube,
5 cm). b) Determined by 1H NMR using 1,3,5-trimethoxybenzene as an
internal standard. c) Isolated yield.

electron density of the cluster for accelerating the oxidation
of the cerium(III) center to form (hydrazido)cerium(IV).

Substrate Scope for Decarboxylative Hydrazination

We applied CeZr5 cluster 4a as a catalyst for the hydrazination
of 4-hydroxyphenylacetic acid (1c) containing a phenol group
using a catalytic amount of Mn(OAc)3·2H2O in MeCN. This
reaction, conducted under 427 nm LED irradiation, yielded
the desired product 3c in 71% yield without degradation of
the phenol group (Table 2, entry 1). Because of the poor
solubility of 1c in PhCl, MeCN was used for this reaction.
In the absence of Mn(OAc)3·2H2O, 3c was obtained in a
moderate yield (entry 2). Notably, the following two catalysts,
Ce6 cluster 4c and Ce(OtBu)4/Zr(OtBu)4/Mn(OAc)3·2H2O
combination, showed no catalytic activity for decarboxylative
hydrazination of 1c, clearly indicating that the phenol group

Table 3: Substrate scope of carboxylic acids with OH, SH, and electron-
rich arene ring.a)

(c)

(c)
(c)
(c)

(b)

(b,d)

(b,d)

(e)

(b)

Isolated yields. a) Reaction conditions: 1 (0.200 mmol), 2 (0.300 mmol),
4a (1.0 mol%), Mn(OAc)3·2H2O (2.0 mol%), MeCN (3.0 mL), under Ar.
Irradiated with 427 nm LED (distance between the light source and the
test tube, 5 cm). b) Three metal salts, Ce(OtBu)4 (1.0 mol%), Zr(OtBu)4
(5.0 mol%), and Mn(OAc)3·2H2O (2.0 mol%), were used as the catalyst
under 390 nm LED light irradiation. c) 4a (2.0 mol%) and
Mn(OAc)3·2H2O (4.0 mol%) were used. d) EtOH, 42 h. e) Based on 2.

served as a catalyst poison for cerium(IV) without the
surrounding Zr5O4(OH)4.

We screened various carboxylic acids with oxidizable
functional groups, and the results are summarized in Table 3.
The reactivity of 3-hydroxyphenylacetic acid (1d) was low
compared with that of the 4-hydroxyphenyl derivative 1c,
giving the hydrazination product 3d in 37% yield. This
tendency of 1c and 1d was opposite that of the decar-
boxylative alkylation by an iron catalyst, in which the
formation of 1c-derived quinone methide slowed down
the overall reaction rate:[58] In this hydrazination reac-
tion, the electron-donating character of the 4-OH group
affected the product yield. When 4-thiomethoxyphenylacetic
acid (1e) was used, both 4a/Mn(OAc)3·2H2O and the
Ce(OtBu)4/Zr(OtBu)4/Mn(OAc)3·2H2O catalyst system were
applicable to afford 3e in high yields. 4-Hydroxyphenylacetic
acids 1f–i, bearing an electron-withdrawing substituent at the
3-position, were effectively converted into the corresponding
hydrazination products 3f–i in moderate yields using double
amounts of 4a/Mn(OAc)3·2H2O as a catalyst (2 mol% and
4 mol%, respectively). As observed in Table 2, utilization
of cerium-incorporated cluster 4a was key; otherwise, the
yields of 3f–i were less than 10% when combining the
three metal salts, indicating that the phenol moiety was
intact toward the cerium(IV) species in the CeZr5 cluster
core. 4-Hydroxyphenylacetic acids with electron-donating
substituents such as methyl, methoxy, and hydroxy groups

Angew. Chem. Int. Ed. 2025, 64, e202505639 (5 of 9) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 4: Substrate scope of carboxylic acids without phenol and thiol
groups for decarboxylative hydrazination.a)

(b) (b)

Isolated yields. a) Reaction conditions: 1 (0.200 mmol), 2 (0.300 mmol),
Ce(OtBu)4 (1.0 mol%), Zr(OtBu)4 (5.0 mol%), Mn(OAc)3·2H2O (2.0
mol%), PhCl (3.0 mL), under Ar. Irradiated with 390 nm LED (distance
between the light source and the test tube, 5 cm). b) MeCN.

were not applicable even when using 4a, due to the sus-
ceptibility of the phenol moiety to oxidation (Table S11),
whereas arylcarboxylic acid 1j having three methoxy groups
was converted to 3j in a good yield, indicating that an
electron-rich phenoxy ring was easily degraded under the
catalytic conditions. A hydroxymethyl group in 1k was
tolerant to afford the hydrazinated product 3k in a good
yield by using ethanol as a solvent to dissolve 1k. Naturally
occurring carboxylic acid 1l having two hydroxy groups was
converted to 3l without oxidation of the secondary alcohol
groups. When 4-mercaptophenylacetic acid (1m) was used,
C─N and S─N bond-forming product 3m’ was obtained in
47% yield based on 2 by using 4a and Mn(OAc)3·2H2O, in
which the thiophenol moiety reacts with azodicarboxylate to
give the corresponding S–N bond-forming product under mild
reaction conditions.

We further evaluated the applicability of various car-
boxylic acids without phenol and thiol groups using the three
metal salt combinations, as shown in Table 4, under purple
LED light (390 nm) irradiation to achieve better yields with
a wide variety of the substrates (Table S7). 4-Substituted
arylacetic acids 1b and 1n–q having both electron-donating
and -withdrawing substituents were all applicable to give
the corresponding decarboxylative hydrazinated products
3b and 3n–q in excellent yields. Sterically encumbered 2-

Table 5: Optimization of reaction conditions for decarboxylative oxygena-
tion of 1a.a)

Entry Additive (x mol%) Yield [%]b)

1 Zr(OtBu)4 (5.0) 96
2 Zr(OtBu)4 (5.0),

Mn(OAc)3·2H2O (2.0)
77

3 Zr(OtBu)4 (1.0) 46
4 Zr(OtBu)4 (10) 83
5 Zr(acac)4 (5.0) 85
6 – 10
7c) Zr(OtBu)4 (5.0) n.d.
8 Hf(OtBu)4 (5.0) 94
9 Ti(OtBu)4 (5.0) 36
10 Nb(OEt)5 (5.0) 13
11 Ta(OMe) (5.0) 21
12d) Zr(OtBu)4 (2.5) 93
13d),e) Zr(OtBu)4 (2.5) 93 (85)f)

n.d., not detected. a) Reaction conditions: 1a (0.200 mmol), Ce(OtBu)4
(1.0 mol%), additive (x mol%), toluene (3.0 mL), NaBH4 (2.0 equiv.),
MeOH (1.0 mL), under air. Irradiated with 468 nm LED (distance
between the light source and the test tube, 5 cm). b) Determined by 1H
NMR using 1,3,5-trimethoxybenzene as an internal standard. c) Without
Ce(OtBu)4. d) 1a (0.400 mmol), Ce(OtBu)4 (0.5 mol%), 4 h. e) PhCl. f)

Isolated yield.

methylphenylacetic acid (1r) and 2,4,6-trimethylphenylacetic
acid (1s) afforded the C─N bond-forming products 3r and
3s in high yields without interruption by steric congestion
at the ortho-positions. Carboxylic acids with an electron-rich
piperonyl group and thienyl ring were also applicable to give
3t and 3u. Not only the primary aliphatic carboxylic acid
1v but also secondary and tertiary aliphatic carboxylic acids
1w–A were converted to the corresponding hydrazines in
67%–87% yields, respectively, without any suppression by the
bulky substituents at the α-position of the carboxyl group.
Ester and phenacyl functionalities at the terminal positions of
aliphatic carboxylic acids 1B and 1C were all applicable under
the reaction conditions, and the yields were comparable to the
non-functionalized 1v.

Decarboxylative Oxygenation by Ce-Zr Combined
Catalysts

Mixed-metal CeZr5 clusters were further applicable to the
decarboxylative oxygenation reaction, as summarized in
Table 5. A mixture of Ce(OtBu)4 (1.0 mol%) and Zr(OtBu)4

(5.0 mol%) in toluene showed excellent catalytic activity
for successive decarboxylation and oxygenation to afford
4-fluorobenzyl alcohol (5a) in 96% yield after work-up
with NaBH4 in MeOH (entry 1), whereas no improvement
of the product yield was observed upon the addition of
Mn(OAc)3·2H2O (entry 2). Ce(OtBu)4 (1.0 mol%) with lower
or higher amounts of Zr(OtBu)4 (1.0 mol% or 10 mol%)

Angew. Chem. Int. Ed. 2025, 64, e202505639 (6 of 9) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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decreased the yield of 5a (entries 3 and 4; further details of
the two metal ratios are provided in Table S16 in Supporting
Information). Zr(acac)4 also served as a good additive for this
catalytic reaction, giving 5a in 85% yield (entry 5), whereas
other Zr(IV) complexes, such as ZrO(NO3)2, Zr(OH)4,
ZrCl4, and metal oxide powders of ZrO2 or CeO2-ZrO2,
resulted in poor catalytic activity (Table S19). The catalytic
activity of Ce(OtBu)4 (1.0 mol%) without Zr complexes
under the identical reaction conditions was low, giving 5a in
10% yield (entry 6), while no catalytic activity was observed
for Zr(OtBu)4 or Zr(acac)4 without Ce(OtBu)4 (entry 7 and
Table S18, entry 8). The effects of other early transition metal
alkoxides were further screened while maintaining a 1:5 ratio
of cerium and the additive metal. As expected from the results
in Table 1, the addition of Hf(OtBu)4 (5 mol%) enhanced
the catalytic activity for this decarboxylative oxygenation to
afford 5a in 94% yield (entry 8), whereas Ti(OtBu)4 was
less effective for this transformation (entry 9). The effect of
group 5 metal alkoxides such as Nb(OEt)5 and Ta(OMe)5 was
very small compared with group 4 metal alkoxides (entries
10 and 11), probably due to the difficulty in forming their
heterobimetallic clusters. A half amount of Ce(OtBu)4 (0.5
mol%) and Zr(OtBu)4 (2.5 mol%) led to the formation of
5a in 93% yield when the reaction time was extended to
4 h (entry 12), though a small amount of benzyl alcohol was
detected as a contaminant due to the benzylic C─H oxidation
of toluene,[93,94] the reaction solvent, during the extended
reaction time. Chlorobenzene was found to be the optimal
solvent to suppress the solvent oxidation, providing 5a in
93% yield (entry 13, Table S20 for the solvent screening in
Supporting Information).

We applied the optimized reaction conditions for this
decarboxylative oxygenation to various carboxylic acids, as
shown in Table 6. Treatment of arylacetic acids 1b and
1n–q afforded the corresponding alcohols 5b and 5n–q in
moderate to high yields; among 1b and 1n–q, decarboxylation
of 1q with an electron-donating methoxy group resulted in
a lower yield of 5q, which was different from the result
for the hydrazination reaction (vide infra). Ortho-methyl-
substituted arylacetic acids were applicable, giving the C─O
bond-forming products 5r and 5s in high yields, although a
piperonyl group in 1t suppressed the reaction to afford 5t in
a low yield. Lower yields using the electron-rich carboxylic
acids 1q and 1t were ascribed to oxidative degradation in the
presence of an external oxidant, dioxygen, which differs from
the above-mentioned decarboxylative hydrazination reaction.
Thienylacetic acid 1 u exhibited moderate reactivity to give
the corresponding alcohol 5u. When 3-phenylpropanoic acid
(1v) was used, 2-phenylethanol (5v) was obtained in only 25%
yield, and extending the reaction time led to the formation of
a one-carbon shortened alcohol, benzyl alcohol (5v′), as the
byproduct (18 h, 5v/5v′ = 50%/12%). Small contamination of
5v′ was also observed from 2-methyl-3-phenylpropanoic acid
(1w). In contrast, selective decarboxylative oxygenation of
secondary and tertiary phenylacetic acids 1x and 1y afforded
the corresponding alcohols 5x and 5y without any side
products. Cholesterol 1l was converted to 5l without oxidation
of the secondary alcohol moieties in the presence of dioxygen.

Table 6: Substrate scope of carboxylic acids with OH, SH, and electron-
rich arene ring.a)

(c)

(b)

(b)

Isolated yields. a) Reaction conditions: 1 (0.400 mmol), Ce(OtBu)4 (0.5
mol%), Zr(OtBu)4 (2.5 mol%), PhCl (3.0 mL), NaBH4 (2.0 equiv.),
MeOH (1.0 mL), under air. Irradiated with 468 nm LED (distance
between the light source and the test tube, 5 cm). b) MeCN, 8 h. c)

EtOH, 18 h.

Hammett analysis of this decarboxylative oxygenation for
p-substituted arylacetic acids using 4a as the catalyst was
carried out to clarify the electronic effect of the substrates
on the reaction progress (Figure S17).[95,96] Compared with 4-
trifluoromethyl-substituted arylcarboxylic acid 1n, substrates
1a,b,o afforded the alcohols in higher yields in a short reaction
time. In sharp contrast, when using p-methoxy-substituted
one 1q deviated from the tendency; in fact, the final yield of
5q was lower than that of 5n, as shown in Table 6. Monitoring
the reaction progress of 1q using 4a as the catalyst revealed
the formation of corresponding oxygenated products (4-
methoxybenzyl alcohol (5q), 4-methoxybenzaldehyde (6q),
and 4-methoxybenzyl hydroperoxide (7q)) in an 80% total
yield over a longer reaction time (9 h), but no further
increase in the yield was observed after 9 hours, which is in
contrast to the slow but continuous increase in the yield when
using 1n (Figure S18). Phenol-substituted carboxylic acid 1c
was not applicable for this decarboxylative alcohol synthesis,
indicating that an external oxidant affected the functional
group tolerance toward the electron-rich substrate.

In summary, we demonstrated that in situ generated multi-
element clusters containing cerium(IV) exhibited excellent
catalytic activity for the decarboxylative functionalization
of aliphatic carboxylic acids. Single cerium(IV)-containing
hexanuclear mixed-metal clusters 4a and 4b were isolated
and structurally characterized via single metal-to-metal sub-
stitution of the hexanuclear zirconium and hafnium clusters,
and 4a and 4b were photo-reduced with the generation of
one equivalent of the alkyl radical per one cluster molecule.

Angew. Chem. Int. Ed. 2025, 64, e202505639 (7 of 9) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Furthermore, the catalytic activity of the heterometallic
clusters for decarboxylative hydrazination was significantly
improved upon addition of the third metal ion to the reaction
mixture; the remarkable enhancement of the catalytic activity
was due to the interaction of the third element with the
mixed-metal CeZr5O4(OH)4 core to assist re-oxidation of
the photo-reduced cerium(III)-containing clusters. Further
studies to develop new catalytic transformations using
heterometallic clusters by post-modification of the original
homometallic clusters are ongoing in our laboratory.
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